Tobacco-specific nitrosamines (TSNA) levels in tobacco cut filler and cigarette smoke were measured in more than 1000 commercially available cigarettes sampled between 2008 and 2014. Relative contributions to their transfer from tobacco to the mainstream smoke in terms of direct transfer by distillation, pyrorelease, and pyrosynthesis were evaluated on the basis of the comparison with the transfer of nicotine from tobacco to smoke. N′-nitrosonornicotine (NNN) was transferred essentially by distillation, while N′-nitrosoanatabine (NAT), 4-(methylnitrosamino)-1-(3-bipyridyl)-1-butanone (NNK) and N′-nitrosoanabasine (NAB) were transferred by pyrorelease or pyrosynthesis as well. In the case of the Tobacco Heating System 2.2, the transfer of nicotine from tobacco to the aerosol was similar to that observed for cigarettes, while the % transfer of TSNAs from tobacco to THS 2.2 aerosol was 2-3 times lower than in cigarettes. This difference is due to the fact that the tobacco is heated instead of burnt resulting in a lower direct transfer by distillation and a lower if any contribution of pyrosynthesis or pyrorelease.
Tobacco-specific nitrosamines (TSNA) levels in tobacco cut filler and cigarette smoke were measured in more than 1000 commercially available cigarettes sampled between 2008 and 2014. Relative contributions to their transfer from tobacco to the mainstream smoke in terms of direct transfer by distillation, pyrorelease, and pyrosynthesis were evaluated on the basis of the comparison with the transfer of nicotine from tobacco to smoke. N′-nitrosonornicotine (NNN) was transferred essentially by distillation, while N′-nitrosoanatabine (NAT), 4-(methylnitrosamino)-1-(3-bipyridyl)-1-butanone (NNK) and N′-nitrosoanabasine (NAB) were transferred by pyrorelease or pyrosynthesis as well. In the case of the Tobacco Heating System 2.2, the transfer of nicotine from tobacco to the aerosol was similar to that observed for cigarettes, while the % transfer of TSNAs from tobacco to THS 2.2 aerosol was 2-3 times lower than in cigarettes. This difference is due to the fact that the tobacco is heated instead of burnt resulting in a lower direct transfer by distillation and a lower if any contribution of pyrosynthesis or pyrorelease.
Introduction
Tobacco specific N-nitrosamines (TSNA) are among the tobacco and mainstream smoke constituents listed as harmful or potentially harmful constituents (HPHC) by a number of countries or organizations (FDA, 2012; TobReg, 2015) . The most abundant TSNA are N′-nitrosoanabasine (NAB), N′-nitrosoanatabine (NAT), 4-(methylnitrosamino)-1-(3-bipyridyl)-1-butanone (NNK), and N′-nitrosonornicotine (NNN). In contrast with several HPHCs, TSNA are present both in tobacco and cigarette smoke.
TSNA formation in tobacco occurs during the curing process (Fisher et al., 2012; Lang and Vuarnoz, 2015; Piadé et al., 2013) and results from the nitrosation of secondary alkaloids (Nestor et al., 2003) . TSNA levels are typically lower in Oriental and Virginia Flue-cured tobaccos than in Burley tobaccos (d 'Andres et al., 2003; Piadé et al., 2013) due to the differences in the curing processes and the higher amount of nitrate generally present in Burley tobaccos in comparison with Oriental or Virginia Flue-cured tobaccos. Good Agricultural Practices (GAP), such as the use of low-converter varieties (resulting in lower nornicotine content, a precursor of NNN) or the conversion of direct fire heat barns to indirect fire, have contributed recently to lower the levels of NNN and NNK in tobaccos and cigarette mainstream smoke (Appleton et al., 2013; Gunduz et al., 2016; Rickert et al., 2008) . In addition, it has been demonstrated that the use of the ZYVERT™ technology, which minimizes conversion of nornicotine to nicotine has the potential to further reduce the amount of NNN (Lusso et al., 2017) .
The transfer of individual TSNA from cigarette tobacco to mainstream smoke results from a combination of direct distillation, pyrosynthesis (formation in the aerosol or in the hot zone of the cigarette, by nitrosation of alkaloids precursors), and pyrorelease (thermal release of matrix-bound TSNA). Using deuterated NNN and NNK added to the cut filler, a transfer of approximately 7%-15% of NNN and NNK from tobacco to mainstream smoke has been estimated (with the U.S. Federal Trade Commission machine-smoking regime) (Stepanov et al., 2012) . The contribution of the individual mechanisms of transfer is debated, however, and contradictory results have been published (Lipowicz and Seeman, 2017; Moldoveanu and Borgerding, 2008) . It has been demonstrated recently (Lang and Vuarnoz, 2015 ) that a high proportion (on average 77%) of NNK is present in tobacco in a matrix-bound form that is not extracted using the standard method for the analysis of TSNA in tobacco (ISO, 2008) . This NNK form contributes largely to the pyrorelease of NNK from tobacco to smoke. The proportion of TSNA in mainstream smoke stemming from pyrosynthesis may also vary according to the levels of TSNA in cut fillers, with a higher proportion of pyrosynthesis contribution to TSNA in mainstream smoke for low-TSNA cigarette tobacco (Moldoveanu and Borgerding, 2008) . A recently proposed model (Lipowicz and Seeman, 2017) equates the transfer of TSNA by evaporative transfer to the transfer of nicotine from tobacco to smoke. The authors attribute excess transfer of TSNA in mainstream smoke to what they call "pyrogeneration", which is the sum of pyrorelease and pyrosynthesis minus pyrodegradation.
Selective reduction of TSNA (i.e., a reduction exceeding the reduction in tar) with various filtration materials in cigarettes has been described recently (Deng et al., 2013; Lin et al., 2013; Wang et al., 2011) . Mainstream smoke levels of tar or nicotine are generally considered poor predictors of the individual TSNA levels in mainstream smoke (Harris, 2001; Spiegelhalder and Bartsch, 1996) in contrast to other smoke constituents, such as phenols or carbon monoxide (CO) (Counts et al., 2005; Swauger et al., 2002) . TSNA levels in tobacco cut fillers are better indicators, with relatively good correlations obtained between NNN and NNK levels in cut fillers and in mainstream smoke (Hammond and O'Connor, 2008; Hyodo et al., 2015; Wu et al., 2005) . It was demonstrated recently (Lang and Vuarnoz, 2015) that for NNK, only the total amount of NNK in cut filler (free form and bound form) was correlated with the amount of NNK in mainstream smoke with cigarettes made of single grade tobaccos. Burley and Flue-cured tobaccos contained different proportions of the bound form of NNK.
The purpose of this work is to estimate the proportion of direct transfer, pyrosynthesis, and pyrorelease of NNN, NNK, NAT, and NAB from tobacco to cigarette mainstream smoke. A large dataset of commercially available cigarettes, which included data of TSNA in tobacco and mainstream smoke and some of their putative precursors in tobaccos (nitrate, nicotine, and minor alkaloids) has been used. No data were available in the cigarettes sidestream smoke. Such results would have the potential to provide further evidence for non-distillation sources for the transfer of TSNA.
The results are also compared with the results obtained with Philip Morris International's (PMI) Tobacco Heating System (THS) 2.2, a "Reduced Risk Product (RRP)" that uses a precisely controlled heating device into which a specially designed tobacco product, the Tobacco Stick, is inserted and heated to generate an aerosol. (Smith et al., 2016) . At PMI, "RRPs" is the term used to refer to products that present, are likely to present, or have the potential to present less risk of harm to smokers who switch to these products versus continued smoking. Because THS2.2 does not burn tobacco (Smith et al., 2016) , they produce far lower quantities of harmful and potentially harmful compounds than found in cigarette smoke.
Materials and methods

Commercial cigarettes and heated tobacco products samples
Commercial cigarette samples were selected to cover as many cigarette design specificities as possible rather than sampling based on local market share. 1177 samples of commercial brands from 53 different manufacturers were bought in 2008 (205 samples), 2009 (63 samples), 2010 (584 samples), 2012 (300 samples) and 2014 (25 samples) at the point of sale in 34 countries. Different blend types were included in the sampled set, with a large proportion of American and Virginia blends. The dimension of cigarettes sampled covered the whole available range, with diameters between 5.2 mm and 8.0 mm and rod lengths between 70 mm and 100 mm.
Heated tobacco products were prototypes made of either single grade tobaccos or blends prepared with those tobaccos, according to the blend recipes provided by Schaller et al. (2016b) . The THS2.2 devices were commercially available products.
Smoke and tobacco analyses
For cigarettes, the analyses of the different components in both tobacco filler and smoke were conducted by Labstat International ULC (Kitchener, Ont. Canada) and were performed according to the official Health Canada methods (Health Canada, 2000) or internal Labstat methods for the analysis of TSNA. Alkaloids in tobacco fillers were analyzed by gas chromatography according to method T-301 (HealthCanada, 1999b) ; three replicates per sample were measured. TSNA in tobacco fillers were analyzed by liquid chromatography tandem mass spectrometry (LC-MS/MS) according to Labstat internal method T-309. This method does not measure matrix-bound NNK. The extraction of bound NNK necessitates the use of high pressure and high temperature (Lang and Vuarnoz, 2015) ; three replicates per sample were examined. Nitrate in tobacco fillers was determined by continuous flow analysis according to method T-308. After conditioning according to the International Organization for Standardization (ISO) (ISO, 1999) , all cigarettes were smoked under the Health Canada Intense (HCI) (Health Canada, 2000) smoking regime; only the cigarettes bought in 2008 and 2009 were smoked under the ISO analytical smoking regime (ISO, 2000) . Tar, nicotine, and CO in mainstream smoke were analyzed according to method T-115 (Health Canada, 1999a) ; eight replicates per sample were performed. TSNAs were analyzed by LC-MS/MS according to Labstat internal method T-111; three replicates per sample were measured. The analyses in cigarette tobacco and THS 2.2 aerosol were performed at Labstat according to the already published methods (Schaller et al., 2016b) .
For THS2.2, the analyses were performed at Labstat or within PMI laboratories, both ISO 17025 accredited laboratories. The comparison of the results obtained in both labs was ensured through the use of monitors. The aerosol collection was performed according to the HCI smoking regime, under slightly modified conditions, as previously described . For the analyses performed within PMI laboratories, TSNA were determined by LC-MS/MS according to an internal method (Schaller et al., 2016a) . Nicotine was measured by gas chromatography flame ionization detector according to an ISO standard (ISO, 2013) . In the cut filler, TSNA and nicotine were measured by LC-MS/MS and gas chromatography mass spectrometry methods according to internal methods.
Data treatment
No transfer rate was calculated if a value was below the limit of quantification (LOQ) in tobacco, cigarette smoke, or THS 2.2 aerosol.
Results
TSNA, nitrate and minor alkaloids levels in cigarette cut fillers
Levels of individual TSNA, tobacco alkaloids and nitrate were measured in the tobacco filler of each sample. Some values were below LOQ. Descriptive statistics for the results are presented in Table 1 .
The results for the minor alkaloids and the nitrate content are in line with recently published results obtained for cigarettes sold in Canada (Hammond and O'Connor, 2008) , with the content of nornicotine and nitrate average values close to the values obtained for the imported brands (Hammond and O'Connor, 2008) in the Canadian market. Those imported brands are mainly American blended cigarettes and, in terms of blends, are comparable to the majority of the cigarettes sampled in this study. Nitrate and nornicotine levels are usually higher in the Burley tobaccos used in American blended cigarettes (Gunduz et al., 2016; Sophia et al., 1989) than in the Virginia tobaccos typically used in the blends of local brands in Canada.
The results for TSNA are globally in line with recently published results:
• For commercial cigarettes sold in the U.S. (Edwards et al., 2016) , the median values obtained in the cigarettes cut fillers were 74.8 ng/g for NAB, 494.4 for NNK, 1458 for NAT, and 1945 for NNN.
• For cigarettes sold in Canada (Hammond and O'Connor, 2008) , the mean values obtained for domestic and imported cigarettes, respectively, were 82.0 and 240 ng/g for NAB, 448.5 and 437.2 ng/g for NNK, 378.2 and 992.1 ng/g for NAT, and 286.9 and 1776.2 ng/g for NNN.
The observed differences may be due to the blend type mix in the sampled cigarettes in the different studies and the evolution over time, with a tendency for NNK and NNN to decrease due to the introduction of modified agricultural and curing practices (Appleton et al., 2013; Gunduz et al., 2016) .
The amount of NAT is also in line with what was observed in a dataset covering many countries (Camacho et al., 2015) .
Mainstream smoke analyses
Smoke yields of nicotine and individual TSNA were measured for each sample under ISO (ISO, 2000) and HCI (Health Canada, 1999a) analytical machine-smoking regimes. Because samples with yields below LOQ are attributed the LOQ value in the calculation of medians and quartiles, some of the statistical data in Table 2 are reported as < LOQ, which then provides an upper limit estimate.
The results obtained for TSNA in mainstream smoke with either ISO or HCI analytical smoking regimes (see Table 2 ) are in line with the results observed in recent studies using large samplings of commercial cigarettes (Edwards et al., 2016; Eldridge et al., 2017; Hammond and O'Connor, 2008) . Eldridge et al. (2017) reported NNN values of 51 ng/ cigarette (median Australia) and between 132 and 139 ng/cigarette (median Brazil, Romania, and Germany) using HCI analytical smoking regime and NNK values of 40 ng/cigarette in Australia and between 88 and 122 ng/cigarette in Brazil, Romania, and Germany. Using the ISO smoking regime, Edwards et al. (2016) also reported median values of 11.6 ng/cigarette for NAB, 55 ng/cigarette for NNK, 85 ng/cigarette for NAT, and 80 ng/cigarette for NNN. With the HCI smoking regime, the same authors (Edwards et al., 2016) reported median values of 24 ng/ cigarette for NAB, 118 ng/cigarette for NNK, 183 ng/cigarette for NAT, and 186 ng/cigarette for NNN. Bodnar et al. (2012) reported median values of 82.6 ng/cigarette and 130 ng/cigarette for NNK and NNN, respectively, for cigarettes sold in the U.S. Camacho et al. (2015) found median values of 54 ng/cigarette and 129 ng/cigarette for NAT with ISO and HCI smoking regimes, respectively.
The differences observed between ISO and HCI yields in mainstream smoke are in line with what has been observed with sets of commercial cigarettes in the U.S. (Edwards et al., 2016) , in Canada (Hammond and O'Connor, 2008) , in China (Xiong et al., 2010) , or with worldwide PMI brands (Counts et al., 2005) . The higher yields obtained with the HCI smoking regime are due to the higher total volume of air drawn through the cigarette while smoking (higher number of puffs, higher puff volume) than with the ISO analytical smoking regime (Spiegelhalder and Bartsch, 1996) .
Transfer from tobacco cut filler to mainstream smoke
The transfer from tobacco filler to smoke is calculated as the ratio of the absolute amount of individual compounds in mainstream smoke and their absolute amount in tobacco filler in ng/cigarette (the tobacco filler weight was available for all samples), where "TR" is the transfer rate, "MS content" is the mainstream smoke content, "CF content" is the cut filler content, and "TWght" is the tobacco weight in the cigarette rod.
The transfers (see Table 3 ) from tobacco to smoke observed for NNN, NNK and NAT in this study are in line with most previous studies. The transfer from tobacco to mainstream smoke, measured using deuterated NNN and NNK added to the cut filler (Stepanov et al., 2012) , is approximately 7%-15% for NNN and NNK (with the U.S. Federal Trade Commission machine-smoking regime, a smoking regime comparable to the ISO smoking regime), and similar results for cigarettes sold in the U.S. were reported recently (Edwards et al., 2016) . In this study, 7% of NNN and NAT and 20% of NAB and NNK are transferred when the yield is obtained using the ISO regime; 18% of NNN and NAT and 43% of NAB and NNK are transferred when the yield is obtained using the HCI regime. The transfers observed for NAB in this study are higher with both ISO and HCI smoking regimes.
The transfer rates obtained in our study are however higher than the mean transfer reported for Canadian commercial cigarettes (Hammond and O'Connor, 2008) for TSNA and for nicotine with both smoking regimes. However, the transfer for cigarettes sold in Canada is calculated as the amount in mainstream smoke divided by the amount in the Limit of quantification: Nicotine 0.250 mg/g; Nornicotine 50 μg/g; Anatabine 50 μg/g; Anabasine 50 μg/g; NAB 1.79 ng/g; NAT 6.50 ng/g; NNK 5.02 ng/g; NNN 3.28 ng/g; nitrate 0.5 mg/g. Q1 and Q3 stand for first quartile and third quartile, respectively. cut filler in ng/g or mg/g, without taking into account the tobacco weight in the cigarette. Therefore, it is underestimated. Assuming the Lipowicz and Seeman (2017) model is correct, namely that the transfer by distillation of TSNAs equates to the transfer of nicotine from tobacco to smoke (which essentially occurs by distillation, after bond-breaking of nicotine salt Seeman et al., 2004) ), the ratio of the transfer of individual TSNAs to the transfer of nicotine for a given cigarette (see Table 4 ) expresses the percentage of transfer, which is due to pyrorelease and pyrosynthesis. A ratio close to 1 means that the transfer essentially occurs by distillation, while a ratio greater than 1 means that additional transfer occurs by pyrorelease or pyrosynthesis.
For NNN, the median and mean ratios are close to 1 for both ISO and HCI smoking regimes. For NAT, but even more clearly for NNK and NAB, the ratio is higher than 1, meaning that a significant amount of those compounds is generated during the smoking process by pyrorelease or pyrosynthesis (about 60% for NNK and 75% for NAB with the HCI smoking regime).
Results for THS2.2
For THS 2.2 aerosol, data are obtained only with the HCI testing regime. This regime has been widely used for heated tobacco products (Forster et al., Bekki et al., 2017; Jaccard et al., 2017; Schaller et al., 2016a) and, according to recent topography studies (Gee et al., 2017; Haziza et al., 2016) with such products, is similar in terms of puff volume and duration to the adult smokers' behavior in those trials.
The relatively high amounts of TSNA obtained in some samples (see Table 5 ) are due to the use of single grade tobacco for the manufacture of the prototypes used in this study.
Again, the relatively high amounts of TSNA (see Table 6 ) obtained in some samples are due to the use of single grade tobaccos for the manufacture of some prototypes.
Discussion
The transfer of TSNA from tobacco to smoke has been the subject of a number of publications, resulting in some controversy regarding the relative contribution of distillation, pyrorelease, and pyrosynthesis to the total transfer. Adams et al. (1983) , using tobacco intentionally enriched with 14C nicotine, estimated that from 63% to 74% of NNK is formed by pyrosynthesis. Fischer et al. (1990) , using commercial cigarettes spiked with nitrate and nicotine, concluded that there was no pyrosynthesis of NNN and that NNK was predominantly transferred by distillation. Moldoveanu and Borgerding (2008) , using enriched nicotine or nornicotine added to tobacco, concluded that the contribution of pyrosynthesis to the total amount of NNN and NNK transferred to smoke was from 5% to 25% and from 5% to 10%, respectively. Lang and Vuarnoz (2015) identified a portion of matrix-bound NNK in Burley and Virginia tobaccos that was not extracted from tobacco using the traditional method for the determination of TSNA (ISO, 2008) . This portion (average 77% and 53% for Burley and Virginia tobaccos, respectively) was a major contributor to the amount of NNK transferred to mainstream smoke by pyrorelease. Lu et al. (2016) , using a Burley tobacco variant overexpressing the enzyme nitrate reductase (able to decrease the nitrate content, a possible precursor of TSNA in tobacco), found that the percentage of NNN, NAT, and NAB decreased more in the cigarette mainstream smoke prepared with such tobaccos than in regular tobaccos, while the reduction for NNK was of the same order. They concluded that a certain proportion of TSNAs in the mainstream smoke is the result of pyrosynthesis. Edwards et al. (2016) , using results obtained for TSNA analysis in the tobacco cut fillers and cigarette mainstream smoke of commercial products in the U.S., suggested, on the basis of the differential transfer observed for NNN, NNK, NAT, and NAB, that NNK and NAB were released at least in part through a pyrorelease or a pyrosynthesis mechanism. Lipowicz and Seeman (2017) recently proposed a model to estimate whether there was a contribution of pyrogeneration to the transfer of TSNAs from tobacco to smoke. Their model was based on the comparison of the transfer of TSNAs from tobacco to smoke with the transfer of nicotine from tobacco to smoke. They assumed that a transfer of TSNA that is higher than the transfer of nicotine (which transfers by distillation Seeman et al., 2004) ) is due to pyrogeneration and concluded that NNN is essentially transferred by distillation, while pyrogeneration contributes to approximately 30%-70% of the total NNK transfer to smoke.
On the basis of the model proposed by Lipowicz and Seeman (2017) and the results obtained for the more than 1000 commercially available cigarettes sampled in our study, we conclude that NNN seems to be essentially transferred by distillation, with an average ratio for the transfer rate from tobacco to smoke to the transfer of nicotine very close to 1, while the contribution of pyrogeneration of NAT, NNK, and NNB to the total transfer is on average approximately 33%, 65%, and 75%, respectively. Lang and Vuarnoz (2015) mentioned that the proportion of matrixbound NNK was lower in Virginia tobaccos than in Burley tobaccos, resulting in a lower contribution of pyrorelease of NNK in the smoke of cigarettes produced with Virginia pure grade tobaccos. By comparing the Virginia blended commercial cigarette results with the ones obtained in the full dataset, we observe a similar trend: the average ratio of NNK transfer to nicotine transfer is lower than the average ratio Note: The estimated ratio of transfer rates have uncertainties of the order of 30% and are estimated using the delta method for the variance estimation of a ratio (Miller, 1997; Lehman, 1999) . They may be even higher if results were close to the limit of quantification either in the tobacco filler or in the cigarettes mainstream smoke. Therefore the whole distribution of data was taken for discussion in this work. a Calculated as the ratio of individual TSNA transfer against nicotine transfer for each cigarette sample. G. Jaccard et al. Regulatory Toxicology and Pharmacology 97 (2018) 103-109 observed with the full dataset (Fig. 1) . The question remains whether or not it is feasible to estimate the respective contributions of pyrorelease and pyrosynthesis to the pyrogeneration of NNK and NAB. We tried to address this question by examining if the ratios of transfer were correlated with the amount of precursors of NNK (nitrate and nicotine) and NAB (nitrate and anabasine) in tobacco. A positive correlation would indicate a significant contribution of pyrosynthesis. For NAB, neither nitrate nor anabasine contents were correlated with the ratio of transfer. For NNK, nitrate is slightly positively correlated with the ratio. It should be mentioned, however, that a confounding factor may influence the correlation, because nitrate tends to be higher in Burley tobaccos than in Virginia tobaccos. Burley tobaccos are known to have a higher fraction of matrix-bound NNK in tobacco and therefore a higher pyrorelease than Virginia tobaccos (Lang and Vuarnoz, 2015) . Additionally, other precursors of NNK, such as pseudooxynicotine (Hecht et al., 2000) , have been identified and potentially could be better markers of pyrosynthesis. However, this precursor was not analyzed during our study. Therefore, for both NNK and NAB, it is not possible to conclude for a significant contribution of pyrosynthesis to their transfer from tobacco to smoke. Additionally, in the case of NNK, it is shown (Lang and Vuarnoz, 2015) that there is a good correlation between the combined free and matrix-bound NNK in tobaccos and the amount in mainstream smoke. This would be in line with a pyrorelease contribution for NNK in addition to the direct transfer by distillation.
In the case of THS2.2, the transfer of nicotine to the aerosol is very close to what is observed for the transfer of nicotine from tobacco to mainstream smoke in commercial cigarettes using the same analytical puffing regime, while the transfer of NNN, NNK, and NAT is lower than the transfer of nicotine, as observed in Tables 7 and 8 For NAB, the transfer is very close to the transfer of nicotine (median ratio of NAB transfer against nicotine: 1.05). However, it remains much lower than the transfer observed for cigarettes, where the observed ratio is approximately 4 for the relative transfers of NAB against nicotine. The temperature measured in the tobacco stick (max. 300°C) of the THS2.2 system is not high enough to have the same evaporating transfer of nicotine and TSNA (which have a lower vapor pressure than nicotine (Lipowicz and Seeman, 2017) ). While the transfer of nicotine present in tobacco to the gas phase was measured to occur to some extent at temperatures at approximately 160°C-210°C by thermal analyses (Barontini et al., 2013; Seeman et al., 1999) , Forster et al. (2015) observed a transfer of TSNA from tobacco to the aerosol lower than that measured for nicotine at 200°C in an experimental tube furnace. Pyrorelease and pyrosynthesis in THS 2.2 are also limited for the same reason, resulting in more than 90% reduction in the TSNA aerosol yields of THS 2.2 when compared with those of the 3R4F reference cigarette .
Conclusions
For cigarettes, on the basis of the results obtained in this study, NNN is essentially transferred from tobacco to smoke by distillation, while the contribution of pyrogeneration of NAT, NNK and NAB to their total transfer to cigarette smoke is on average between 30% and 75%. Consequently the total median transfer rate under intense analytical smoking conditions varies between 17 and 67%.
In contrast for THS2.2, the transfer of TSNA from tobacco to aerosol is reduced in comparison with cigarettes tobacco to mainstream smoke, due to a combination of lower evaporating transfer and the limitation of pyrosynthesis and pyrorelease induced by the lower temperature applied to THS2.2 tobacco part. This results into a total median transfer Fig. 1 . Transfer rate of nicotine and TSNAs. Transfer rate distributions illustrated using boxplots for (from upper to lower panel) NNK, NAT, NAB, NNN, and nicotine. Boxplots are depicted separately for (from lower to upper) fluecured cigarette products, other cigarette products, and THS 2.2. Boxes include 50% of the data, while filled circles inside boxes illustrate sample medians. Whiskers on both sides extend the third and first quantiles (Q 3 and Q 1 ) by a multiple of the data spread, as measured via the Inter Quantile Range ( = − IQR Q Q 3 1 ). The remainder of the data (the most extreme data cases) are plotted by thin black points. Note: The estimated ratio of transfer rates have uncertainties of the order of 30% and are estimated using the delta method for the variance estimation of a ratio (Miller, 1997; Lehman, 1999) . They may be even higher if results were close to the limit of quantification either in the tobacco filler or in the cigarettes mainstream smoke. Therefore the whole distribution of data was taken for discussion in this work. a Calculated as the ratio of individual TSNA transfer against nicotine transfer for each cigarette sample.
rate under intense analytical puffing conditions of 7-19%.
In conclusion, a limited reduction of TSNA in the mainstream smoke of commercial cigarettes can be obtained by the reduction of TSNA in tobacco through the use of already described GAP (Gunduz et al., 2016) or the use of the ZYVERT™ technology (Lusso et al., 2017) for the selective reduction of NNN. In addition, tobacco plants containing less matrix-bound NNK would also help to reduce the pyrorelease contribution for NNK (Lang and Vuarnoz, 2015) .
Heating tobacco instead of burning for THS2.2 results in 2-3 times lower transfer of TSNAs from tobacco to THS2.2 aerosol, or an overall reduction of more than 90% when compared with those in cigarettes .
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